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Identification of IEX-1 as a Biomechanically Controlled 
Nuclear Factor-KB Target Gene That Inhibits 
Cardiomyocyte Hypertrophy 

Gilles W. De Keulenaer, Yanlin Wang, Yajun Feng, Suphi Muangman, Keiji Yamamoto, 
John F. Thompson, Thomas G. Turi, Katherine Landschutz, Richard T. Lee 

Abstract — Biomechanical strain is a stimulus for cardiomyocyte hypertrophy and heart failure, but the underlying 
molecular mechanisms remain incompletely understood. Using an in vivo murine model of pressure overload and an in 
vitro model of mechanical stimulation of primary cardiomyocytes, we identified iex-1 as a gene activated during the 
early response of cardiomyocytes to hypertrophic stimuli and as a gene product that inhibits hypertrophy without 
affecting cardiomyocyte viability. On stimulation of cardiomyocytes, iex-1 mRNA and protein expression increased and 
translocation of the gene product to the cardiomyocyte nucleus occurreoWexrJ ihast previously been proposed as a 
mediator of NF-kB- dependent cell survival and growth in tumor cells. Here^'^^eiriolSrate that the biomechanical 
induction of iex-1 in cardiomyocytes was NF-KB-dependent, as overexpression of the NF-kB inhibitor IkBq: completely 
inhibited strain-mediated /^x-i^m^NA accumulation. The functional role of iex-1 was investigated by overexpressing 
wild-type iex-1 with replication-defective adenoviral gene^transfer. CO verexpression of iex-1 abolished cardiomyocyte 
hypertrophy by mechanical strainfphenylephrine/or f enaothelinM at levels thardid not affect cell viability. These studies 
identity iex-1 as a biomechameaTstress-inducible and NR-kB- dependent gene in cardiac muscle cells during the acute 
phase of hypertrophy with negative growth^egulatorvj effects that may counterbalance early hypertrophic responses in 
activated cardiomyocytes. (Circ ^>2tfd2;90l69 # o569l5:jr ^ A ^ 
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Biomechanical stress is a common pathway in the devel- 
opment of cardiac hypertrophy and failure. Responding a* 
to variations in mechanical load is an essential function ofQjh 
cardiomyocytes, allowing the myocardium to respon^^^W) 
rapid fluctuations in ventricular wall stress as well as chromed ■ - 
elevations of load in disease states. For yet unidentified 



In a previous study, 4 we showed that biomechanical strain 
activates NF-kB in cultured cardiomyocytes. Using the same 
imodel and DNA microarray technology, we identified the 
ffphe iex-1 as a reproducibly mechanically induced gene in 



c v!*m t I I /acutely, pressure-overloaded hearts in vivo, iex-1 translocates 
to the nucleus on activation and prevents cardiomyocyte 



"Wearclipmyocytes. iex-1 is an immediate-early gene that parti c- 
^ipates in NF-KB-dependent cell survival and growth, 8-10 but 
reasons, the end-stage of chronic biomechanical overload in^fe^hose expression and function in the heart has not been 
vivo is cardiac dilation and pump failure. ^studied, in this study, we describe the activation of iex-1 in 

Mechanical strain and other hypertrophic agonists fnduc£|,^^^ stimulated to undergo hypertrophy by cyclic 

signaling events such as calcium fluxes,' activatioriof stress ^S^anfcal strain or by hypertrophic agonists in vitro and in 
response protein kinases, 2 activation of the --^^- S - SL - 
dependent protein phosphatase calcineurin, 3 and 
translocation 
pertroph 

ever, may also regulate the onset of cell death, and cell death 
may participate in the transition from myocardial hypertrophy 
to failure. 6 Hirota et al, 7 for example, found that in mice with 
a deficient gpl30-dependent myocyte survival pathway, bio- 
mechanical overload triggers cardiomyocyte apoptosis and 
early onset heart failure. The detailed molecular biology and 
the downstream genes activated by these signaling pathways, 
however, are incompletely understood. 



ition These pathways may promote adaptive W, , |^ e A& phy without inducing cell death when OV erex P ressed 

ic growth. The activation of these pathways/how- %t - f • i u - n • *u < 

7 , , «- „ i . iii, Thus, iex-1 is a novel biomechanically responsive gene thai 



that 

may counterbalance early growth responses of activated 
cardiomyocytes. 

Materials and Methods 

Culture and Biomechanical Strain of Myocytes 

Neonatal rat cardiac myocytes (NRCMs) from 1 -day-old Harlan 
Sprague-Dawley rats (Charles River, Boston, Mass) were isolated by 
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previously described methods. 4 Mechanical deformation was applied 
to a thin and transparent membrane on which cells were cultured, an 
approach that produces controlled biaxially uniform cellular strain as 
well as visualization of cells. 11 After 24 hours of plating, NRCMs 
were washed twice with phosphate-buffered saline and then incu- 
bated with Dulbecco's modified essential medium (DMEM) contain- 
ing 1% ITS supplement (Sigma) for 48 hours. To eliminate the 
variable of time-dependent changes due to cell age or effects of 
adhesion in each experiment, all cells were cultured on the mem- 
brane for an identical time period, and cells and media from all 
samples were harvested at the same time. For example, in a time 
course experiment with strain, the time point represents the time 
prior to harvest that strain was initiated, such that the strain sample 
and control sample were harvested at the same time. 

Animal Studies 

The Harvard Medical School Standing Committee on Animal Re- 
search approved the study protocol. Pressure overload was produced 
by transverse (chronic overload) or ascending (acute overload) aortic 
constriction. Male FVB mice (age 8 to 10 weeks) were anesthetized 
with pentobarbital (25 to 30 /ig/g intraperitoneal ly) and the aorta was 
constricted by tying a 7-0 nylon suture around the vessel against a 
blunted 27-gauge needle with the aid of^ dissecting microscope. 
Sham-operated animals were treated identically with the exception] 
that the nylon suture was not tied, The needle was|!1nno^d* ! |nc| 
hearts were harvested at the indicated fime^points. Jpr fj^orf^ernf^ 
studies, hypertrophy was measured by^weekly echocardiograms. In 




ment (ITS; Sigma Chemical Co) for 24 hours and then incubated 
with adenovirus vector at a multiplicity of infection (MOI) of 20 in 
DMEM containing 1% ITS supplement. After an overnight incuba- 
tion, the virus was removed and cells were incubated in DMEM 
containing 1% ITS supplement for an additional 24 hours. At this 
MOI, >99% of all cardiomyocytes were transduced, as determined 
by GFP expression or X-gal staining. 

Immunocytochemistry 

For immunocytochemistry, NRCMs were plated on silicone mem- 
branes or culture slides and exposed to strain, endothelin-1, or 
phenylephrine. After stimulation, cells were washed 3 times with 
phosphate buffer saline and fixed in 4% paraformaldehyde at 4°C 
overnight. Cells were then permeabilized with 0.1% Triton-X in 
phosphate buffered solution (PBS-T) for 10 minutes at room tem- 
perature. After 2 more washes, a blocking solution containing 10% 
rabbit serum in PBS-T was added. After 30 minutes, the cells were 
incubated with affinity-purified rabbit anti-IEX-1 antibody (1:200 in 
PBS-T) for 1 hour at room temperature then left overnight at 4°C. 
The secondary antibody ,(bio^tinyJated rabbit anti-goat IgG, Vector 
Laboratories Inc, 'Bur( jngaj^ ^Calif) was diluted 1:200 in PBS-T. 
The incubation ? ,was ; carried put at .room temperature for 1 hour. After 
3 washes, cells were incubated for 1 hour at room temperature in 
ayjdin^ and then developed with a peroxidase DAB kit (Vector 

II^lBoritone^rmClJo signal was detected when the first antibody 
w|s^oj£itted^r when preimmune rabbit immunoglobulins were used. 
To localize nuclei of the cells, a nuclear counter stain (hematoxylin) 
as applied to the sections. 



Assaysiof Hypertrophy 



Cells were subjected to mechanical strain for 1 hour and then 
incubated in fresh DMEM containing ITS with 1.0 /LtCi/mL 
[ 3 H] leucine for an additional 24 hours. The medium was aspirated, 
and the cells were washed twice with ice-cold PBS and once with 
10% trichloroacetic acid (TCA; Sigma) and fixed for 45 minutes at 
k 4°C with 10% TCA. After 2 washings with cold 95% ethanol, the 
wradioactivity incorporated into the TCA-precipitable material was 
^^Sfermined by liquid scintillation counting after solubilization in 
In addition, an aliquot was taken for determination of 

""totaPprotein. 
tCardiomyocyte Size 

Cells transfected with GFP-Ad or IEX-Ad were subjected to me- 

LinOiK i ^chanieal-^train (4%, 1 Hz) or exposed to endothelin-I (10 nmol/L) 
I 111 I NL/oclJ hours and then fixed in 4% paraformaldehyde. After mounting 
The recombinant IkBg adenovirus (IkB« -Ad) expressing? /he r . or icoverslips, cells were visualized using an Olympus fluorescence 
porcine IkBcx gene and the recombinant j3-galactosidase adenpyirus^L|/n^^roscope, and the surface area of the cardiomyocytes was calcu- 
(j3-gal-Ad) were gifts of Dr Josef Anrather (Beth Israel Deaconess} lated with image analysis software (Optimas 6.2). Cells from 
Medical Center, Boston, Mass). The recombinant controLgr\e|n j l^anUqml^ selected fields in 3 independent cultured plates were 

adenovf- examinee! (60 to 84 cells/group), and the surface area of cells from 



ichangesware^comparabie^u 
increases measured in a large cohortmofmmiceMjn^oufeJaboratory^ 
followed prospectively with blmdeo^chocamiograms^fdataiinot^ 
shown). 

Northern and Western Analyses 

Northern analysis and Western analysis were performed as previ- 
ously described. 4 The primer set for the synthesis of the 502 base pair > 
probe used to detect the transcripts of iex-1 contained the 5^0 
TAACCACCTCCACACCATGA-3' and 5 '-GTTCAAAGGG^S 
CGAGGACAG-3' oligonucleotides and for egr-1 the primerf|||% 
contained the 5'-GTCAGTGGC-CTCGTGAGCAT-3' andMp^ 
AGGTGGTCACTACG-ACTG AA-3 ' oligonucleotides. Western^ 
analysis was performed using an affinity-purified rabbit polyclonal 
antiserum raised against a synthetic mouse/rat TEX-I {67 ~ 85) peptide. 



fluorescent protein-adenovirus (GFP-Ad) and recombinant ad 
rus for iex-1 (IEX-Ad) were generated with the Ad-Easy system and 
the pAdTrack-CMV vector as described previously. 12 Full-length 
iex-1 was generated by PCR with the primers set containing the 
5 '-GA AGATCTACGTCTAAATTATGTGCC AC-3 ' and 5'- 
GCTCTAG ACCAGTTTGGGATACGTTCTC-3 ' oligonucleotides 
containing BglW and Xba\ restriction sites, respectively. cDNAs were 
cloned in the GFP-containing PadTrack-CMV shuttle vector (kindly 
provided by Dr Bert Vogel stein, John Hopkins Oncology Center, 
Baltimore, Md) and selected with kanamycin. After cloning, se- 
quences were verified by DNA sequencing. Subsequently, clones 
were linearized, cotransformed with the adenoviral plasmid 
PadEasy-1 in electrocompetent BJ5183 cells, and selected with 
ampicillin. Recombinant plasmids were linearized and propagated in 
293 cells. Viral titer was determined by GFP visualization. Stock 
titers were 10 9 pfu/mL for each vector. 

Viral Gene Transfer 

Cardiomyocytes were plated in 7% FCS overnight, incubated in 
DMEM containing 1% insulin, transferrin, selenium media supple- 



each group was determined and compared with control (ie, GFP-Ad, 
no strain). 

Cell Death Assays 

For the detection of cell death, 2 different assays were used. First, 
using flow cytometry, cellular DNA content was assessed as de- 
scribed previously. 13 The percentage of cells with a sub-Gl DNA 
content was determined as a measure of apoptotic rate of the cell 
population. Second, TUNEL staining was performed with the in situ 
Cell Death Detection Kit (Boehringer Mannheim) according to the 
manufacturer's recommendations. To quantify the number of apo- 
ptotic cells, nuclei were counterstained with DAPI, and the total 
numbers of nuclei and TUNEL-positive nuclei were counted in 10 
low-power fields in 2 independent experiments. More than 1500 
DAPI-positive nuclei per conditions were counted in each condition. 

Electrophoretic Mobility Shift Assay 

Electrophoretic mobility shift assay (EMS A) was performed as 
described previously. 4 Briefly, nuclear extracts were prepared and 
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incubated with [Y- 32 P]dATP-labeled oligonucleotide probes for the 
NF-kB response element consensus sequences (Promega). DNA- 
protein complexes were resolved with 6% nondenaturing polyacryl- 
amide gel electrophoresis. Specificity was determined by supershift- 
ing with anti-p50 antibody (15 yu% IgG/mL; Santa Cruz 
Biotechnology Inc) or excess unlabeled (cold) NF-kB oligonucleo- 
tide to the nuclear extracts for 10 minutes before addition of 
radiolabeled probe. 

Statistics 

Each experiment shown was performed a minimum of 3 times. Data 
are presented as mean±SEM and were analyzed by 1-way ANOVA 
or Student's / test. A value of /*<0.05 was considered statistically 
significant. 

Results 

Biomechanical Activation of iex-1 in 
Cultured Cardiomyocytes 

Cyclic biomechanical strain (8%, 1 Hz) induced iex-1 mRNA 
accumulation in a time-dependent manner in primary cardiac 
myocytes, reaching a maximum between 1 and 6 hours 
(2.6±0.2-fold, P<0.05, Figure 1MTTB addition, when caf| 
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diomyocytes were subjected to cyclic biaxia^Sr^r^ Iff ^ 
4%, 9%, and 14% at 1 Hz for 4 hdurs^tnelinduction^o^/ex-il» C 
mRNA expression in cardiomyocy|es was amplitude- 
dependent (Figure IB). f± <J O £J T 

We next investigated whether the^increase^inJ^^LmRNA JL 
by mechanical strain was accompaniei 
protein level. Figure 1C shows a representative 
with the affinity-purified anti-IEX-1 antiserum that detects a 
single band around 22 kDa and illustrates that iex-1 protein 
increased after 8 and 24 hours of strain (1.7± 0.2-fold, 
P<0.05). Mechanical strain also induced nuclear transloca- 
tion of iex-1. Figure 2 shows cardiomyocytes, exposed or not^| 
exposed to strain for 2 hours (7%, 1 Hz), and stained withrthe^ 
affinity-purified anti-IEX-1 antibody. In cardiomyocyte / sSo^ t 
exposed to strain, iex-1 was detected in the cytoplasmpS^ 




0 8 24 

Duration of strain (h) 



Figure 1. Biomechanical induction of iex-1 in primary rat cardio- 
fir^ocf^s. A, Time-dependence of iex-1 mRNA induction by 
umecianjpal strain in NRCMs. Myocytes were exposed to 0% or 
8^ 'cyclic mechanical strain (1 Hz). Northern analysis with 32 P- 
^a^l^M^PPJpM^^^^/^7 mRNA increased at 1 hour, 
^^pea t<ea*ti p^t^S^^o OTs^S^^r%tum ed to baseline after 24 hours. 
Graph with errors representing mean±SE (each time point rep- 
resents the mean of 3 to 5 experiments). B, The amplitude- 
dependence of iex-1 mRNA induction by mechanical strain in 
NRCMs. Myocytes were exposed for 4 hours to 0%, 1%, 4%, 
9%, and 14% cyclic mechanical strain (1 Hz). Northern analysis 
j^with ^P-labeled iex-1 cDNA probes. Graph with errors repre- 
gsenting mean±SE {each time point represents the mean of 2 
^experiments). C, NRCMs were exposed to 7% cyclic mechani- 
^icalsdeformation (1 Hz) for 0, 8, or 24 hours. Ceils were har- 
vested and analyzed by Western analysis using the affinity- 



hours after strain a marked nuclear translocation was ob^gj^ ;1 000)( whjch ser ^ e6 as ' B con t r oi for equal loading. The 
served. Of note, in a sample of over 500 immunopositive molecular mass of iex-1 protein is 22 kDa. Graph with errors 
cells, 54% of the immuno-positive cells in control dbndigoj^ig^^Pnf 1 ^ mean±SE ( eacn time P oint represents the mean of 
showed cytoplasmic localization, compared with onlyhVito INvAexp^nments). 



cytopl; 
3% in stimulated cells. 



Williams,-. 



Biomechanical Activation of iex-1 in the Intact 
Mouse Heart In Vivo 



To determine whether iex-1 is also mechanically regulated in 
vivo, we studied the effect of acute pressure overload on iex-1 
rnRNA induction in mice with proximal aortic constriction. 
iex-1 mRNA was rapidly induced (+ 2.2-fold, n=4, Figure 
3 A) in hearts of pressure overloaded mice compared with 
those of sham-operated mice at 15 minutes, mimicking the 
rapid induction of egr-1, an early response gene exquisitely 
sensitive to ventricular pressure overload 15 and used as 
positive control in these experiments. Induction of iex-1 
mRNA in vivo was accompanied by changes at the protein 
level (Figure 3B). Compared with sham operated mice, levels 
of left ventricular iex-1 protein in banded mice (6 hours of 
constriction) increased 1.7±0. 1-fold (n=2). 

Induction of iex-1 mRNA by pressure overload was tran- 
sient, diminishing to a 1 .3 -fold increase versus sham at 1 hour 
banding (n=3) and a 1.1-fold increase versus sham at 3 hours 



ding (n=2). This observation is consistent with the notion 
J^l^thatU i£x-l is an immediate early gene. Furthermore, in 
long-term experiments, after 4 weeks or 12 weeks of aortic 
banding, levels of iex-1 mRNA were not different from 



Ctrl 



strain 



Figure 2. Nuclear translocation of iex-1 in response to biome- 
chanical strain. Immunocytochemical staining of cardiomyocytes 
showing nuclear translocation of iex-1. NRCMs were exposed to 
7% cyclic mechanical deformation (strain, 1 Hz, 2 hours), fixed 
in 4% paraformaldehyde, and after permeabilization, stained 
with affinity-purified anti-IEX-1 (1 :200) antiserum as described in 
Materials and Methods. To help localize nuclei of the cells, a 
nuclear counterstain (hematoxylin) was also applied. 
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Figure 3. Induction of /ex- 1 mRNA and protein by pressure 
overload in vivo. A, Male FVB mice were anesthetized with pen- 
tobarbital, and the ascending aorta was constricted as 
described in Materials and Methods. Hearts were harvested 
after 15 minutes, and mRNA from left ventricles prepared for 
Northern analysis. Northern analysis was*performed with ^P- M 
labeled /ex- 1 or egr-1 cDNA probes. |jwo sepirate^upljcate . 
experiments yielded similar results. B, Male ^l||fnicSe were H 
anesthetized with pentobarbital and fhe^scehd]ng aorta wasl „ 
constricted as described in Materials^anoyvlethods. Hearts were 



IkBqi, by adenoviral gene transfer (IKB-Ad). Ectopic expres- 
sion of IkBck abrogated mechanical induction of iex-1 mRNA 
accumulation (Figure 4A) as well as IL-lj3-induced iex-1 
expression (not shown) when compared with iex-1 induction 
in cells treated with the )3-galactosidase control vector (j3- 
Gal-Ad) (n=5). In Figures 4B and 4C, electrophoretic mo- 
bility shift assays with radiolabeled NF-kB oligonucleotides 
are shown to illustrate that mechanical strain increased 
NF-kB DNA binding activity. Experiments with 11-1)3 served 
as a positive control for NF-kB activation. Overexpression of 
IkB a completely abrogated the activation of NF-kB by 
mechanical strain and IL-1/3. The shifted complexes were 
specific for NF-kB because they were supershifted in the 
presence of antibody to NF-kB p65 subunit and disappeared 
with excess unlabeled oligonucleotide (Figure 4C). 

Effect of ie^^^ u |^j^jr|ia^ocyte Hypertrophy 

To document theAfunctibnaf^Sects of iex-1 in cardiomyo- 
cytes, replicatidh-defective ' adeno viral vectors expressing 
wild-Jype iex-1 were constructed. After demonstrating suc- 

acessful |p^y| "gen'e transfer (Figure 5 A, insert), cardiomyo- 
cjtesjwere^nfecied with adenoviral vectors expressing GFP 




(GFB-Ad) or GFP and iex-1 (IEX-Ad) at a MOI of 20, 

GposeS to mechanical strain, and hypertrophic responses 
alvzed. At this level of infection, nearly 99% of cardio- 
molecular mass of iex-1 protein is 22J|Da*_g^ a 3- to 5 -fold increase in 

db&l^^ 5 A shows that mechanical 

strain (1 Hz, 7%, 72 hours) significantly enlarged cardiomyo- 
cytes infected with the control GFP-Ad (1.4i±0.03-fold 
versus control, /*<(). 05). This response, however, was com- 
pletely blunted in cardiomyocytes that overexpressed iex-1 
.04 ± 0.03-fold). In addition, as shown in Figure 5B, me- 
chanical strain (1 Hz, 7%, 24 hours) significantly increased 



sham-operated animals (data not shown), indicating that iex-1 
gene induction is an early and transient response to biome- 
chanical stress, rather than a marker of chronic overload or 
hypertrophy. 



Mechanisms of Biomechanical Induction of iex-l£ 



in Cultured Cardiomyocytes 

iex-1 has been reported to be a target gene of NF-kB / 4 *4S3^ 
we previously reported that mechanical strain induces NF- 
KB-mediated transcriptional events in cardiomyocytes. 4 To \ 
investigate the role of NF-kB in iex-1 mRNA accumulation. 



^^Itlkof 3 [H]leucine uptake in GFP-Ad/j3-Gal-Ad-infected 
. ^cellF(l-38±0.05-fold versus control, n=4, P<0.05), but not 
Sri IEX-Ad/0-Gal-Ad-infected cells ( 1. 05 ± 0.04-fold versus 
r control, n— 4, / 5 <0.05 versus unstrained control and versus 
strained|GFP-Ad/j3-Gal-Ad), further suggesting that iex-1 has 



we overex 



pressed a specific inhibitor of NF-kB activation! iNv-awnegative regulatory effect on hypertrophic growth. As 
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Figure 4. Role of NF-kB in the mechanical regula- 
tion of iex-1 expression. A, Effect of IkB gene 
transfer on the induction of /ex- 1 mRNA. Myocytes 
were infected with /3-galactosidase adenovirus or 
with IkB adenovirus and exposed for 4 hours to 
8% cyclic mechanical strain (1 Hz). Northern analy- 
sis with 32 P~labeled iex-1 cDNA probes. The upper 
panel shows a representative Northern analysis, 
the lower panel shows mean data of 5 experiments 
quantified by densitometry. *P<0.05 vs unstimu- 
lated control. B, Electrophoretic mobility shift 
assay showing the effect of mechanical strain on 
NF-kB DNA binding activity in normal cardiomyo- 
cytes and in myocytes with IkB overexpression 
(kB-Ad). Myocytes were exposed for 2 hours to 
0% or 9% cyclic mechanical strain (1 Hz) or to 
IL-1/3 (10 ng/mL, used as a positive control for 
NF-kB activation), in presence or absence of the 
Ikj3 vector. C, Specificity of signals was deter- 
mined by addition of p50 antibody (Ab) (supershift) 
or unlabeled (cold) oligonucleotides representing 
NF-kB consensus response elements to the 
nuclear extracts. Two separate experiments 
yielded similar results. 
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were compared with strain. Phenylephrine (PE, 10 /Ltmol/L), 
endothelin-1 (ET-1, 10 nmol/L), interleukin- 1 )3 (IL-1/3, 10 
ng/mL), and leukemia inhibitory factor (LIF 1000 U/mL) 
induced iex-1 to the same magnitude as strain, whereas 
angiotensin II (100 ng/mL) and tumor necrosis factor-a (10 
U/mL) did not increase iex-1 rnRNA expression (Figure 6A). 

Phenylephrine (10 /xmol/L, 2 hours) and endothelin-1 (10 
nmol/L, 2 hours) also induced nuclear translocation of iex-1 
as measured by immunohistochemistry (Figure 6B). Translo- 
cation was observed 2 hours after treatment of serum-starved 
cardiomyocytes, with kinetics similar to that induced by 
mechanical strain. 

As shown above, forced expression of iex-1 by adenoviral 
gene transfer blocked the hypertrophic effects induced by 
mechanical strain. Figure 6C shows that adenoviral gene 



IEX-1 




Figure 5. Influence of adenoviral-gene transfer of iex-1 on car- 
diomyocyte hypertrophy. A, NRCMs were infected with GFP- or 
GFP/iex-1 -expressing recombinant adenoviral vectors (GFP-Ad 1 
and IEX-Ad, respectively) and exposed to nojbtrfin* (control) "or 
to 7% cyclic mechanical deformation^trajn)jfor|72 (|purs||Bar 
graphs with error bars represent mean±"SD (n=60 to 85celtsT* 
*P<0.05 vs unstimulated control). In^rClxpression of iex-1 in 
primary rat myocytes in control cond|ionf ir^Stec^wit^QIP^ 
or I EX -Ad at a MOI of 20 and harvesfed\8 fio u j^£ffe r^nf ectjor 
for Northern analysis. B, NRCMs wel^coffifected with GFP-, 
fl-gal-, GFP/IEX-1 or iKBa-expressir^^^^in^t^enovicali 
vectors (GFP-Ad, 0-gal Ad, IEX-Ad^#if^®^e^iv^* 
and exposed to 0% (white bars) or 7% strain for 24 hours 
(black bars) in the presence of pH]leucine. Protein synthesis 
results are expressed as relative cpm/dish standardized to 
mean cpm of control cells in each experiment. Bar graphs with 
errors representing mean±SE (n=3 triplicate experiments). 
*P<0.05 vs indicated control. /,\ \r 

further shown in Figure 5B, mechanical strain increa^ed^ 
[ 3 H] leucine uptake in cardiomyocytes infected with 
Ad/GFP-Ad (1.20±0.06-fold increase, n=4, P<0.05), bu 
when IEX-Ad was coinfected with I/cBa-Ad, this response 
was completely blocked ( 1. 04 ± 0.04-fold increase, {^yj^jx 
Importantly, the hypertrophic response in cardiomyocytes INv* 
overexpressing IkBck was smaller than the response oFseijed $ § * 

in cardiomyocytes infected with the GFP-Ad//3-Gal-Ad con'-U^ GFP-Ad 
trol viruses (Figure 5B, ,P<0.05). These data are consistent/ 1 1 ix | \ | C 

with a recent report* suggesting a participation of N$-kW 1 Lr 5!L u r^?;-S!?2^ ^ ^[^SZ!^^ 1 ??!^- 
dependent genes in cardiomyocyte hypertrophy. Thus, NF- 
/cB-mediated induction of iex-1 during mechanical activation 
of cardiomyocytes does not seem to be related to the 
prohypertrophic actions of NF-kB. 




IEX-Ad 



Effect of Neurohumoral Hypertrophic Factors on 
iex-1 Expression and Hypertrophy 

The experimental results above suggest that iex-1 is a gene 
controlled by mechanical forces in cardiomyocytes, and that 
the iex-1 gene product is involved in hypertrophic responses 
after mechanical strain. We next investigated whether other 
physiological stimuli associated with cardiomyocyte hyper- 
trophy or cardiac remodeling besides mechanical strain in- 
creased iex-1 gene expression in cardiac myocytes. Serum- 
starved primary cardiomyocytes were treated for 3 and 16 
hours with various pharmacological agents and inductions 



on IEX-1 expression 
and hypertrophy. A, Myocytes were exposed to strain (7%) or 
treated with phenylephrine (PE, 10 /imol/L), angiotensin II (Ang 
II, 100 nmol/L), endothelin-1 (100 nmol/L), interleukin- 1)3 (IL-1, 
10 ng/mL), tumor necrosis factor-a (TNFa, 10 ng/mL), or leuke- 
mia inhibitory factor (LIF, 1000 Units/mL) for 0, 3, or 16 hours. 
B, Immunocytochemical staining of cardiomyocytes showing 
nuclear translocation of iex-1. NRCMs were exposed to phenyl- 
ephrine (PE, 10 jtmol/L, 2 hours) or endothelin-1 (ET-1, 10 
nmol/L, 2 hours), fixed in 4% paraformaldehyde, and after per- 
meabilization, stained with affinity purified anti-IEX-1 (1:200) 
antiserum as described in Materials and Methods. To help local- 
ize nuclei of the cells, a nuclear counterstain (hematoxylin) was 
also applied. C, NRCMs were infected with GFP- or GFP/IEX-1- 
expressing recombinant adenoviral vectors (GFP-Ad and IEX- 
Ad, respectively) and exposed to no stimulus (white bars) or to 
phenylephrine (10 /nmol/L, gray bars) or to endothelin-1 (10 
nmol/L, black bars) for 24 hours in the presence of pH]leucine. 
Protein synthesis results are expressed as relative cpm/dish 
standardized to mean cpm of control cells in each experiment. 
Bar graphs with errors representing mean±SE (n=3 triplicate or 
duplicate experiments). *P<0.05 vs indicated control. 
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cardiomyocytes. We demonstrated that forced expression of 
iex-i may inhibit hypertrophy, does not induce cell death, and 
is a downstream effector of NF-kB when cells are activated 
by mechanical strain. 

iex-1 was previously described as an early response gene 
expressed during stimulated proliferation in fibroblasts 18 and 
epithelial cell lines. 19 In addition, iex-I was a member of a 
small set of induced genes in a genomic analysis that 
differentiated metastatic versus nonmetastatic melanoma 
cells. 20 The function of iex-1, however, is unclear. Some 
studies have previously suggested a role for iex-1 in the 
control of cell viability, whereas others have focused on its 
effects on cell growth. Arlt and coworkers 10 reported that 
overexpression of iex-1 accelerated growth of HeLa cells and 
augmented susceptibility to apoptosis. Segev and coworkers 8 
described the regulation of iex-1 in breast cancer cells and 
inhibiting growth ^f^these^ cetlk when overexpressing iex-L 
The biochemical ^path'w'ays^Serlying these regulatory ef- 
fects, howeve1r; i are t unclear? 

^Consistent with the latter report in breast cancer cells, our 
Idata ^uggS^atrofe for iex-1 in the growth of cardiomyocytes. 
ilripohtrast^im the cells used in previous reports, however, 
cardipmyocytes are terminally differentiated and generally 
fespdncl|to growth-promoting stimuli with hypertrophy rather 
|han|wfth hyperplasia, iex-1 was induced by several hyper- 
mechanical strain, phenylephrine, 
en^overexpressed, iex- 1 completely 
abrogated hypertrophic responses to mechanical strain, phen- 
ylephrine, and endothelin-1. Importantly, this negative regu- 
lation of hypertrophy was not accompanied by cardiomyocyte 
apoptosis, suggesting that levels of iex-1 producing no 
] ^apparent .deleterious effects in cardiomyocytes may interact 
I ^specifically with components of the hypertrophic pathway. 
' ^^rirriguingly, the inhibitory effects of iex-1 on hypertrophy 
resemble the action of 2 other recently described hypertrophy 



GFP- IEX-1* 
Ad Ad 



Figure 7. Influence of adenoviral-gene^tflSsfeY ofjex-Tjon car- 1j 
diomyocyte viability. Myocytes werefprown if|s^u^free^oh|ii-i 
tions and infected with GFP- or GFP ^P^4^^P&^h^ e ^^ b i4 \ 
nant adenoviral vectors (GFP- Ad ang^^dfrespec5ive^iy]N8' 
hours after infection. A, Cells were analyzed for DNA content by 
flow cytometry. The percentage of ceJls^th^|uD^1^3^^S tp 6 
content was taken as a measure of ^opt^i(|jrate^^the celjjjj^ 
population. Bar graphs with errors representing mean±SE* 
(n=4). B, Apoptotic cells were idenf|^^Mp^||ing^rp 
quantification, nuclei were counterstained"wiuTDAPr(nbt^^^ 
shown), and the total numbers of nuclei and TUNEL-positive 
nuclei were counted in 10 low-power fields in 2 independent 
experiments. About 1 500 nuclei were counted for each trans- 
duced sample. Bar graphs with errors representing mean±SE. 



transfer of iex-1 also inhibited hypertrophic responses b^ 
phenylephrine and endothelin-1. When cardiomyocytes^^^ 
stimulated with phenylephrine (10 /imol/L, 24 hours)ppr^ 

endothelin-1 (10 nmol/L), 3 [H]leucine uptake increased sig^^ i5hibitory genes in car diomyocytes, namely myocardium- 
nificantly in GFP-Ad-infected cells (1.24±0.17- and ^ enriched calcineurin inhibitory protein- 1 (MCIP-1), an en- 
1.21±0.13-fold versus control, respectively, n=3, f <™5^ dog enous. inhibitor of calcineurin,^ and suppressor of cyto- 
but not in IEX-Ad-infected cells (1 .04±0M1>4 INMini fsi^ialing-3 (SOCS-3)^ an intrinsic inhibitor of JAK. 
0.92±0. 10-fold versus control, respectively). Will I |#$f lj * rl y as iex ' l > SOCS-3 is induced immediately after 

W lLLi^aoMc v constriction and shows a transient induction, but when 
Effect of iex-1 on Cardiomyocyte Viability f \Y/|I ^expression is forced through adenoviral gene transfer, 
We next examined whether overexpression of iex-1 affected S U^^ inhibits cardiomyocyte hypertrophy.^ Endogenous 



cell viability of cardiomyocytes. Cardiomyocytes were grown 
in serum-free conditions, infected with GFP- Ad or IEX-Ad, 
and harvested for flow cytometry or TUNEL staining. The 
incidence of apoptotic cell death (sub-Gl fractions or inci- 
dence of TUNEL-positive cells) was not different in GFP- 
Ad- and IEX-Ad-infected cells and comparable with mea- 
surements by previous investigators in similar culture 
conditions 16 - 17 (Figure 7). 

Discussion 

The response of the heart to biomechanical overload depends 
on the activation of hypertrophic and survival pathways. In 
the present study, we identified the regulation of iex-1, a gene 
previously described as a mediator of NF-kB- dependent 
growth and survival, during early hypertrophic responses in 
the murine pressure overloaded ventricle and in isolated 



inhibitors of hypertrophy may cooperate in a negative feed- 
back circuit that ensures the termination of the cardiac 
hypertrophy response. Immediate and transient activation of 
growth inhibitory switches on activation of cardiomyocytes 
may also counteract repetitive and transient growth stimuli 
such as physical exercise. Endogenous inhibitors of hyper- 
trophy in general may help to diminish deleterious effects of 
unrestrained hypertrophy and may prevent, or at least delay, 
the transition to ventricular failure. 

The molecular interactions of iex-1 underlying its growth- 
regulating effects in cardiomyocytes or in tumor cells are still 
unknown and deserve further study. The marked translocation 
of iex-1 protein on stimulation, however, suggests that its 
main action may be in the nucleus. Structurally, iex-1 protein 
does not contain functional elements that reveal a role of iex-1 
as a transcriptional factor, but it will be interesting to study 
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whether iex-l directly or indirectly affects transcriptional 
growth events by interacting with other factors. 

Induction of iex-l by mechanical strain was mediated by 
activation of the transcription factor NF-kB. The presence of 
functional binding sites for NF-kB in the iex-l promoter has 
been shown previously, but other regulatory components 
have been proposed as well. 8 - 14 In cardiomyocytes, NF-kB is 
activated by several hypertrophic stimuli including mechan- 
ical strain. 4,5 The net effect of NF-kB activation in cardio- 
myocytes seems to be induction of hypertrophy. 5 Accord- 
ingly, NF-KB-medtated induction of iex-l in cardiomyocytes 
seems to be opposite to the prohypertrophic actions of 
NF-kB. In a striking parallelism with relation to apoptosis, 
iex-l was described as an NF-kB- dependent cell apoptosis 
sensitizing gene, in studies where the overall activity of 
NF-kB was death protection. 10 Thus, iex-l may comprise part 
of the counterregulatory processes initiated by NF-kB. 

In conclusion, the present study identified iex-l as a growth 
inhibitory switch activated immediately and transiently after 
onset of cardiomyocyte hypertroprty^iinr^itrp and in vivo. Thi$ 
finding suggests that early negative feedbfckjresF^ns'es may^ 
temporarily control myocardial hype^o^j^cjpsp^ses^^ 

IT*! 

Acknowledgment^ Q O ^ 

This work was supported by NIH gr^nt NHllBl. PO^HE6485£to 
Dr Lee. 



References 

1. Calaghan SC, White E. The role of calcium in the response of cardiac 
muscle to stretch. Prog Biophys Mol Biol. 1999;71:59-90. 

2. Yamamoto K, Dang QN, Maeda Y, Huang H, Kelly RA, Lee RT. 
Regulation of cardiomyocyte mechanotransduction by the cardiac cycle. 
Circulation. 2001;104:1670-1675. A 

3. Sussman MA, Lim HW, Gude N, Taigen T, Olson EN, Robbins J, Colbert y 
MC, Gualberto A, Wieczorek DF, Molkentin JD. Prevention of cajrdiac.\^ 
hypertrophy in mice by calcineurin inhibition. Science, 1998^28^ 
1690-1693. 

4. Yamamoto K, Dang QN, Kennedy SP, Osathanondh R, Kelly RA, Lea * 



8, Segev DL, Ha TU, Tran TT, Kenneally M, Harkin P, Jung M, 
MacLaughlin DT, Donahoe PK, Maheswaran S. Mullerian inhibiting 
substance inhibits breast cancer cell growth through an NFKB-mediated 
pathway. J Biol Chem. 2000;275:28371-28379. 

9. Schafer H, Arlt A, Trauzold A, Hunermann-Jansen A, Schmidt WE. The 
putative apoptosis inhibitor IEX-1L is a mutant nonspliced variant of 
p22(PRGl/IEX-l) and is not expressed in vivo. Biochem Biophys Res 
Commun. 1999;262:139-145. 

10. Arlt A, Grobe O, Sieke A, Kruse ML, Foslch UR, Schmidt WE, Schafer 
H. Expression of the NF-kB target gene IEX-1 (p22/PRGl) does not 
prevent cell death but instead triggers apoptosis in HeLa cells. Oncogene, 
2001;20:69-76. 

1 1 . Cheng GC, Briggs WH, Gerson DS, Libby P, Grodzinsky AJ, Gray ML, 
Lee RT. Mechanical strain tightly controls fibroblast growth factor-2 
release from cultured human vascular smooth muscle cells. Circ Res, 
1997;80:28-36. 

12. He TC, Zhou S, da Costa LT, Yu J, Kinzler KW, Vogelstein B. A 
simplified system for generating recombinant adenoviruses. Proc Natl 
Acad Sex USA. 1998;95:2509-2514. 

13. Phillips AC, Ernst MK, Bates S, Rice NR, Vousden KH. E2F-1 poten- 
tiates cell death by blocking antiapoptotic signaling pathways. Mol Cell. 
1999;4:771-78*^ Hcan |||| 

14. Schafer H, Diebe^X^V^rauSld A, Schmidt WE. The promoter of 
human p22YPACA P* response 'gene 1 (PRG1) contains functional binding 
sites for the p53 tumor suppressor and for NFkB. FEBS Lett. 1998;436: 

RockmanH^Ro|s RS, Harris AN, Knowlton KU, Steinhelper ME, Field 
JjI-RossJS, Jchien KR. Segregation of atrial-specific and inducible 
expression of an atrial natriuretic factor transgene in an in vivo murine 
^ sf~% model of cardiac hypertrophy. Proc Natl Acad Sci USA. 199 1 ;88; 
i If U 8277^8281. 

ASiJi %\6f Webster KA, Discher DJ, Kaiser S, Hernandez O, Sato B, Bishopric NH. 
... , , TA^glycoly^paAway^^aMptosis of hypoxic cardiac myocytes: 
SSfiiMJlfie^j®Sl^^iiS®8Sl acid production. J Clin Invest. 1999; 
104:239-252. 

17. Arstall MA, Sawyer DB, Fukazawa R, Kelly RA. Cytokine-mediated 
apoptosis in cardiac myocytes: the role of inducible nitric oxide synthase 
induction and peroxynitrite generation. Circ Res. 1999;85:829-840. 

18. Charles CH, Yoon JK, Simske JS, Lau LF. Genomic structure, cDNA 
sequence, and expression of gly96, a growth factor-inducible 
immediate-early gene encoding a short-lived glycosylated protein. 

fg^Oncogene. 1996;8:797-801. 

jj^^>ayashi T, Pittelkow MR, Warner GM, Squillace KA, Kumar R. 
-«qprRegulation of a novel immediate early response gene, IEX-1, in kerati- 




RT. Induction of tenascin-C in cardiac myocytes by mechanical defor^^^^ 
mation: role of reactive oxygen species. J Biol Chem. 1999;274: N^F 20. 
21840-21846, | 
Purcell NH, Tang G, Yu C, Mercurio F, DiDonato JA, Lin AjjVltpfe 



nocytes by 1 a,25-dihydroxyvitamin D3. Biochem Biophys Res Commun. 
1998;251:868-873. 

Clark CA, Golub GR, Lander ES, Hynes RO. Genomic analysis of 
metastasis reveals an essential role for RhoC. Nature, 2000;406:532-535. 
Rothermel BA, McKinsey TA, Vega RB, Nicol RL, Mammen P, Yang 



of NF-kB is required for hypertrophic growth of primary rat neonatal * ' """'J, Antos CL, Shelton JM, Bassel-Duby R, Olson E, Williams RS. 
ventricular cardiomyocytes. Proc Natl Acad Sci USA. 2001^8: j | A \ Myocyte- enriched calcineurin-interacting protein, MCIP1, inhibits 
6668-6673. W 1 LLi AAtardiac hypertrophy in vivo. Proc Natl Acad Sci USA. 2001;98: 

6. Kang PM, Izumo S. Apoptosis and heart failure: a critical review of the / „ >, « ^328-3333. 

literature. Circ Res. 2000;86:1107-1113. ^ \y I LFi 2 ! P^aw* H > Hosjijima M, Gu Y, Nakamura T, Pradervand S, Hanada T, 

7. Hirota H, Chen J, Betz UA, Rajewsky K, Gu Y, Ross J, Muller W, Chien Hanakawa Y, Yoshimura A, Ross J, Chien KR. Suppressor of cytokine 
KR. Loss of a gpl30 cardiac muscle cell survival pathway is a critical signaling-3 is a biomechanical stress-inducible gene that suppresses 
event in the onset of heart failure during biomechanical stress. Cell. gp!30-mediated cardiac myocyte hypertrophy and survival pathways. 
1999;97:189-198. J Clin Invest. 2001;108:1459-1467. 



BES T AVAILABLE OOP* 



